Abstract A series of global actions have been made to address climate change. As a recent developed climate policy, Intended Nationally Determined Contributions (INDC) have renewed attention to the importance of exploring temperature rise levels lower than 2°C, Paper invited by Tad S. Murty.
Introduction
Depending on whether carbon dioxide equivalent (CO 2 ) concentration stabilization maintains at around 450 parts per million (ppm) through 2100, the global average temperature increase is expected to limit to 2°C, relative to preindustrial levels. To accomplish it, global GHG emissions need to be reduced to 30-50 GtCO 2 eq by 2030 (IPCC 2014) . Motived by this purpose, international communities have taken a number of measures to adapt to and mitigate climate change. Leading up to the launch of COP 21 (United Nations Framework Convention on Climate Change (UNFCCC), Conference of the Parties), industrialized and developing countries submitted their Intended Nationally Determined Contributions (INDCs) to the UNFCCC, indicating their emissions reduction commitments for 2025 or 2030. As INDCs were submitted from more than 196 countries covering around 90% of global emissions, we can assess the future contribution of INDCs to longer-term global climate strategy. In recent years, a number of studies have examined the implications of the INDCs for future emissions (e.g., Fawcett et al. 2015; Iyer et al. 2015; Damassa 2015; Rogelj et al. 2016; Aldy et al. 2016; Rose et al. 2017) . Notably, INDCs represent our best understanding of the climate actions countries intend to pursue after 2020 and they have become an indispensable policy scenario in the assessment of climate change influence (Rogelj et al. 2016) . Climate change strongly relates to the dynamic socioeconomic development context. To anticipate future global and regional climate change, greenhouse gas (GHG) emissions with or without any policy interventions should be framed under different socioeconomic and technological scenarios (Nakicenovic and Swart 2000) . Therefore, some scholars proposed the concept of Shared Socioeconomic Pathways scenarios (SSPs). SSPs were proposed as new scenarios, which can be a basis of future climate change research and can be used to explore a range of future societal circumstances that exhibit a wide range of challenges to adaptation and mitigation (van Vuuren and Carter 2014) . Riahi et al. (2017) presented the narratives and characteristics of SSPs that can describe the change in future climate and different socioeconomic development tendencies. Based on SSPs, the scenarios analysis simulates long-term consequences of near-term decisions effectively and contributes to researchers to explore different results caused by uncertainties. Five SSPs were defined, including ''a green growth strategy'' (SSP1), ''a more middle-of-the-road development pattern'' (SSP2), ''further fragmentation between regions'' (SSP3), ''an increase in inequality across and within regions'' (SSP4) and ''fossil fuel based economic development'' (SSP5).
Whether the 2°C target is achieved depends on different socioeconomic and technological pathways. China has been the largest emitter of carbon emissions in the world. If China does not take measures to control GHG emissions, its CO 2 emissions may reach as high as 18 Gt by 2030 (Tol 2013) , in which case the global 2°C target would be unlikely to be achieved. Under the framework of SSPs, how the world's temperature, emissions, energy, land use, economic activity and social costs would be like? With the influence of INDCs, how the pathways would change and whether the global mean surface temperature could be limited not to exceed 2°C? When and how would China reach its peak CO 2 emissions? Furthermore, what would China's contribution to control and reduce global GHG emissions? In this paper, we will discuss the assessment results by applying China's Climate Change Integrated Assessment Model (C 3 IAM model) and quantification of SSPs for the Business As Usual (BAU) scenario and eight climate change stabilization levels. C 3 IAM is a system of inter-related component models developed by the Center for Energy and Environmental Research, Beijing Institute of Technology (CEEP-BIT). CEEP-BIT research community has completed a serious studies about integrated assessment of climate policies, uncertainty in climate change, equity across time and space, endogeneity of technological change, greenhouse gases abatement mechanism and enterprise risk in climate policy models (e.g., Wei et al. 2013 Wei et al. , 2014 Wei et al. , 2015 . Since climate change is a complex and comprehensive process, it can only be understood on the basis of the interdisciplinary insights. In recent years, the need for integration of information among ''earth system'' (ES), ''vulnerability, impact, and adaptation assessment'' (VIA) and ''integrated assessment'' (IA) communities has become stronger (Moss et al. 2010) . Motived by this need, C 3 IAM is designed to hard link ES, VIA and IA models to realize the possible feedbacks between the human and earth systems on the global scale. Six worldwide Integrated Assessment Models (IAMs) have quantified the five SSPs: AIM (Asia Pacific Integrated Model) (Fujimori et al. 2017) ; GCAM (Global Change Assessment Model) (Calvin et al. 2017) ; IMAGE (Integrated Model to Assess the Greenhouse Effect) ; MESSAGE (Model for Energy Supply Strategy Alternatives and their General Environmental Impact) (Fricko et al. 2017) ; REMIND-MAgPIE (Regionalized Model of Investments and Development-the Model of Agricultural Production and its Impact on the Environment) and WITCH (World Induced Technical Change Hybrid Model) (Emmerling et al. 2016 With a continuously increasing volume of academic outputs, this study goes beyond the former studies in several aspects:
1. We take into account INDCs and corresponding baseline emission predictions in the context of different SSPs; 2. Considering the calculation uncertainty of INDCs targets, we develop ''CEEP-I'' (carbon emission evolution principle by intensity) and ''CEEP-S'' (carbon emission evolution principle by structure) to determine each country's target year emissions; 3. GHG emissions and temperature pathway toward 2100 under regional-level INDCs are assessed.
The rest of the paper is divided into four sections. Section 2 presents an overview of the modeling framework with primary focus on the C 3 IAM methodology, scenario assumption, data specifications. Research results without and with INDCs are presented and discussed in Sect. 3. Section 4 offers the conclusions and the policy implications of this study. Future research prospects are provided in Sect. 5. Further information on the implementation of SSPs in C 3 IAM and additional results are available in the Supplementary material.
Methodology

Modeling framework of C 3 IAM
Our analysis couples the socioeconomic system with the earth system to establish the C 3 IAM model. More specifically, C 3 IAM, an Integrated Assessment Model integrates the global CGE, economic optimum growth, revised earth system, land use and impact models, dynamically captures the long-term optimal economic growth and climate change mitigation and adaptation. We set the base year in the C 3 IAM model to 2011 due to the latest available data from the Global Trade Analysis Project (GTAP 9.0 database). This analysis covers the period 2011-2100. C 3 IAM consists of various analytical models developed to analyze policy issues within a specific set of sectors as shown in Fig. 1 . These models are interlinked to provide an integrated system for assessing the impact of climate change. C 3 IAM considers factors such as global multiregional, multisector economic development, GHG emissions, emission reduction costs, modular climate change losses modular, etc. It cannot only depict the social economic system in detail, but also realize a long-term balanced growth path. The current version of the integrated system has seven analytical models, including the Global Energy and Environmental Policy Analysis Model (C 3 IAM/GEEPA), 
C 3 IAM/EcOp
The Global Multiregional Economic Optimum Growth Model (C 3 IAM/EcOp) is established based on the theory of optimal economic growth and consists of two modules (economic and climate module) (as shown in Fig. 2 ). The economic module describes the cost and damage of climate change under a certain level of economic development. While the climate module, which is refined from C 3 IAM/BCC_CSM, presents the GHG concentration growth, radiative forcing and temperature change thereafter. The mitigation, adaptation and loss module is refined from C 3 IAM/Loss. To maximize global welfare, the model optimizes regional consumption and investment. Therefore, national optimal climate policies and adaptation decisions could be provided.
The core model of economic system is C 3 IAM/GEEPA (version 1.0). C 3 IAM/GEEPA is a recursive general equilibrium model that describes the interactions among different agents in macroeconomic systems of all regions. We divide the world into 12 regions, which are USA, China, Japan, Russian Federation, India, Other Branches of Umbrella Group, European Union, Other West European Developed Countries, Eastern European CIS excluding Russian Federation, Asia excluding China, India and Japan, Middle East and Africa and Latin America (see Fig. 3 and ''Online Appendix Table A.1''). C 3 IAM/GEEPA includes 27 sectors, which are paddy rice, wheat, cereal grains, vegetables and fruit and nuts, oil seeds, sugar cane and sugar beet, plant-based fibers, crops, cattle and sheep and goats and horses, animal products, raw milk, wool and silk-worm cocoons, forestry, fishing, coal, oil, gas, other minerals, other manufacturing, energyintensive manufacturing, roil, electricity, gas manufacture and distribution, water, construction, transportation service industry and other services (shown in ''Online Appendix Fig. 4 . The main difference between C 3 IAM/GEEPA and C 3 IAM/MR.CEEPA is that in C 3 IAM/ MR.CEEPA we established Central Government (CG), which gains a certain percentage of taxes and capital income as its revenue, and transfers payment to Household (HH), Enterprise (En), and the rest of China.
C 3 IAM/BCC_CSM
The C 3 IAM/BCC_CSM model represents the climate component, and the emission information generated from C 3 IAM/GEEPA is fed into C 3 IAM/BCC_CSM (see Fig. 5 ). We used C 3 IAM/BCC_CSM to calculate climate indicators such as global mean temperature changes and radiative forcing. The C 3 IAM/BCC_CSM model is developed based on the Beijing Climate Center Climate System Model (BCC_CSM), which is one of the earth system models that participated in CMIP5 simulations for the IPCC AR5. It has four component models, i.e., Global Atmosphere Model (BCC_AGCM2.1), Land Surface Model (BCC_AVIM1.0), Global Ocean Model (MOM4_L40v1) and Global Thermodynamic Sea Ice Model (SIS). These component models are inter-related and interacted with each other through fluxes of energy, momentum and water. The flux coupler was based on that of NCAR/CCSM2. The detailed model information can be referenced in Wu et al. (2013) . The BCC_CSM is a fully coupled Climate-Carbon Cycle Model, including oceanic and terrestrial carbon cycle with dynamical vegetation. The atmospheric CO 2 concentration and its temporal evolution can be well reproduced when forced by anthropogenic emissions of CO 2 (Wu et al. 2013 (Wu et al. , 2014 . Besides, in addition to the long-term climate change simulations and projections, BCC_CSM has also been used for short-term climate predictions, as well as the Sub-seasonal to Seasonal (S2S) Prediction Project.
C 3 IAM/EcoLa
The future patterns of land use have direct influence on GHG emissions and mitigation potential for land use sector and food supply. The C period. The primary objective of the model is to minimize the total cost of production under consideration of agricultural demand in 12 regions. Major types of cost in C 3 IAM/ EcoLa are: (1) Production costs of crop and livestock production, which are obtained by a total sum of the costs of labor, capital and intermediate inputs divided by the land area obtained from C 3 IAM/GEEPA; (2) Land conversion costs which are exogenously determined by the cost of new additional land and investment into infrastructure (Schmitz et al. 2012; Sohngen et al. 2008) ; and (3) Carbon emissions costs which consider the carbon costs caused by land use change in mitigation scenarios. For the projection of land use change, C 3 IAM/EcoLa works on a time step of 5 years in a dynamic recursive mode. Future demand for regional agricultural and forest products (e.g., rice, wheat, cereals, vegetables, oil seeds, sugar, fibers, other crops, livestock and forestry) is exogenous, it relies on income per capita, and population projection of different regions (Schmitz 2013 ) based on GTAP database (2017). Additionally, primary agricultural products considered in the model are listed in ''Online Appendix Table A.5.'' The livestock activities are connected with the feed requirement per animal product. Following Alcamo's work (Alcamo et al. 2011) , the model currently considers ruminants for livestock activities such as cattle and sheep, but non-ruminants are not included. The total forage demand is calculated by multiplying livestock unit with average forage consumption per livestock unit during 1 year (Alcamo et al. 2011) . Moreover, technical change for agricultural sector depends on different biophysical and socioeconomic factors (Ewert et al. 2005; Wirsenius et al. 2010) . Changes of agricultural productivity and crop productivity among 12 regions are different, what is more, SSP1-3 have different product specific rates. Trade in food and forest products across the various regions is not considered in the study.
For the reference land use area distribution used in the base year 2011, croplands are produced by eight crop categories which contain 149 crop types (see ''Online Appendix Table A .5''). According to Food and Agriculture Organization (FAO) definition, grass is from permanent pastures and can be used to graze (Souty et al. 2012 ). Forest sector is divided into managed forests and no-managed forests. The primary forest products are supplied from managed forests (Havlík et al. 2014) . The built-up, water and ice areas are assumed constant during the study period. IAM/NET and C 3 IAM/Loss models are under development. This study only refers to the sub-models mentioned above.
Scenario framework in C 3 IAM
This section provides an overview of scenario framework in C 3 IAM, which contains ''Shared Socioeconomic Pathways Scenario'' and ''INDCs Scenario''. Following the previous work of van Vuuren and Carter (2014), we establish the three-dimensional scenario bubble diagram that contains socioeconomic, climate conditions and mitigation costs. Furthermore, in order to assess the impact of INDCs and related policy statements on future energy and climate trends, we apply global and regional INDC emission targets as a new policy scenario.
SSPs narratives and framework
Similar to the Special Report on Emissions Scenarios (SRES), SSPs contain both narratives and quantitative information. The SSPs are designed to represent different mitigation and adaptation challenges, and the resulting narratives and quantifications span a wide range of different futures broadly representative of the current literature . The SSPs consist first-of-all of a narrative, quantified population, GDP and urbanization trajectories, and qualitative assumptions on the energy and land use sectors. These elements served as the starting point for the further quantitative elaboration of SSPs using IAM models. According to the narratives, SSP1-3 span a range of low, medium, and high challenges to both mitigation and adaptation. SSP5 is characterized with high socioeconomic challenges to mitigation and low socioeconomic challenges to adaptation. Conversely, SSP4 has low challenges to mitigation, but high challenges to adaptation. The scenario framework of this study contains socioeconomic conditions and climate conditions. The socioeconomic dimension includes the five SSPs, and the climate condition dimension includes climate mitigation targets represented by eight Representative Concentration Pathways (RCP) (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0 and 8.5 W/m 2 ). The framework enables us to separate these elements to study the effects of climate policies. Each combination of SSP and RCP is denoted as, for instance, SSP-BL and SSP-5.0 W in the rest of this paper.
An overview of INDCs
On December 12, 2015, representatives from 196 countries to the UNFCCC's 21st Conference of Parties (COP-21) in Paris reached a landmark climate agreement limiting global temperature increase, which will require balancing GHG emissions and sinks after midcentury (Paris Agreement). The most important achievement in the agreement is to set up emission reduction target by commitment submitted by each country with the form of National Determined Contributions (NDCs). Nations that are parties to the agreement are required to submit INDCs that outline future reductions in GHG emissions out to 2030 (as shown in Table 1 ). Parties may adjust their INDCs at any time, but must revise and update INDCs every 5 years. A rich literature analyzes INDC targets, and many suggest that the treaty is less ambitious to effectively control climate change (Magnan and Rodríguez 2017) . Rogelj et al. (2016) point that the median emissions gap between GHG emission levels resulting from INDCs and the 2°C limit by 2030 is estimated to be between 11 and 14 GtCO 2 eq. That means the emission reduction targets inside INDCs could not match with the emission pathway for the global to keep a temperature rise in this century well below 2°C and to drive efforts to limit the temperature increase even further to 1.5°C above preindustrial levels. Thus, it is important for countries to do more than their commitment in INDCs, especially in near term. As a new international climate policy, Paris Agreement has renewed attention to the importance of exploring temperature levels even lower than 2°C, in particular a long-term limit of 1.5°C. Therefore, we implement SSPs under INDC targets of 12 regions to make this research more practical.
More than 60% countries choose Business As Usual (BAU) scenarios as the reference; however, it is difficult to determine their BAU emissions exactly. Worse still, countries have different statistical caliber that make it harder to calculate INDC emissions targets. Motived by this plight, CEEP-BIT research community develops carbon emission evolution principle from the perspective of carbon intensity (carbon emission evolution principle by intensity, CEEP-I) and carbon emission evolution principle from the perspective of the relationship between economic development and CO 2 emissions (carbon emission evolution principle by structure, CEEP-S) to simulate the BAU scenario in the process of determine each country's target year emissions under INDCs. Because of data limitation, in this study, we give priority to using the computed results of CEEP-I.
Demographic and economic drivers
SSPs have enriched the social economic background with a range of socioeconomic drivers' projections (e.g., population, education rate, urbanization rate and GDP) van Vuuren et al. 2017; Fricko et al. 2017; Fujimori et al. 2017; Calvin et al. 2017; Kriegler et al. 2017) . Previous studies such as O'Neill et al. (2017) have presented narrative descriptions, which are a set of five qualitative descriptions of future changes in demographics, human development, economy and lifestyle, policies and institutions, technology, and environment and natural resources. One key step in developing SSPs is the translation of qualitative narratives into quantitative. The International Institute for Applied Systems Analysis (IIASA) and the National Center for Atmospheric Research (NCAR) developed population and urbanization scenario. The team from the Organization for Economic Cooperation and Development (OECD) projected GDP under different SSPs. To implement SSPs with C 3 IAM, we use the demographic and economic assumptions developed by Dellink et al. (2017) and Kc and Lutz (2017) . Optimistic, middle and pessimistic parameter values were set to express the range in observed data or existing research. A full list of the assumptions and individual SSP parameterization schemes are shown in ''Online Appendix Table A.6''.
Evaluating model outcomes
One of the primary objectives of this study is to evaluate the quantified SSPs in terms of their consistency with their narratives. What does ''the green road,'' ''a middle-of-theroad'' and ''a rocky road'' mean exactly? Several criteria can be used for evaluation of the general outcomes of IAMs (Schwanitz 2013) . Through this process, the validity of C 3 IAM for assessing the climate change under SSPs can be tested.
1. Population and economic developments have strong implications for the anticipated mitigation and adaptation challenges. For instance, a larger and poorer population will Nat Hazards (2018) 92:585-618 597 have more difficulties to adapt to the detrimental effects of climate change (O'Neill et al. 2014) . Overall, both the population and GDP developments in SSP2 are designed to be situated in the middle of the road between SSP1 and SSP3. 2. Based on the previous studies, the most fundamental feature is the degree of challenge to mitigation. Therefore, mitigation cost (such as carbon price, GDP loss and consumption loss) measures are appropriate indicators to represent challenges to mitigation. 3. In order to describe regional development, we evaluate trade dependency (import ratio to domestic consumption). 4. Technological development is a key element in the narratives of scenario. Thus, we choose energy and carbon intensity improvement rates to represent energy-related technologies.
Data specifications
The latest Global Trade Analysis Project (GTAP 9.0 database) and energy balance tables (International Energy Agency 2013) are used as a basis for the Social Accounting Matrix (SAM) and energy balance table. In C 3 IAM model, we consider both GHG emissions and traditional air pollutant emissions. Besides energy-related carbon dioxide (CO 2 ), CO 2 from other sources, methane (CH 4 ) and nitrous oxide (N 2 O) are treated as GHGs in the model. The traditional air pollutants considered are carbon monoxide (CO), sulfur dioxide (SO 2 ), nitrous oxides (NOx), ammonia (NH 3 ), black carbon (BC), organic carbon (OC) and non-methane volatile organic compounds (NMVOC). All the GHGs and air pollutants in the base year are drawn from the Greenhouse Gas and Air Pollution Interactions and Synergies (GAINS) (GAINS 2011). The energy-related emissions and non-energy-related emissions can be differentiated through activity types within a sector for every discharge in GAINS model. Thus, a sector's emissions factor is determined by total energy-related emission divided by corresponding energy consumption or total nonenergy-related emission divided by corresponding gross output.
For the agricultural statistics, such as historical agricultural production data and harvested areas are provided by FAOSTAT (Food and Agriculture Organization of the United Nations). Land use data are obtained from FAOSTAT (Food and Agriculture Organization of the United Nations 2017) and GTAP (Avetisyan et al. 2011) . Carbon stock density is derived by GCAM (Kyle et al. 2011) and Houghton (1999) 3 Results analysis and discussions
In order to illustrate the exact implication of ''a green growth strategy'' (SSP1), ''a more middle-of-the-road development pattern'' (SSP2), ''further fragmentation between regions'' (SSP3), ''an increase in inequality across and within regions'' (SSP4) and ''fossil fuel based economic development'' (SSP5), we use C 3 IAM to explain how the narratives have been translated into quantitative assumptions. Because the relative relation between each index of SSP1 and SSP4, SSP3 and SSP5 contains various uncertainties, in this research, we mainly discuss the results of SSP1, SSP2 and SSP3, which have relatively fixed relationships. Therefore, based on the results, a brief overview of economic and climate developments over the twenty-first century under SSP1-3 are provided. In addition, the influence of INDCs impact is further discussed in this section.
Mitigation costs and the attainability of alternative forcing targets across the SSPs are shown in Fig. 7 . The horizontal ordinate represents climate condition, which includes climate mitigation targets and the baseline (the baseline case does not include a climate mitigation policy). Mitigation costs are shown in terms of the global carbon prices, which are represented by the size of each circular. Consistent with the SSPs narratives, carbon price is found lower in SSP1 and SSP4 relative to SSP3 and SSP5. The area above baseline indicates either incompatible or not being generated in this study. Reaching the stricter climate mitigation targets RCP4.5 and RCP2.6 is found not possible.
3.1 What does ''a green growth strategy'', ''a more middle-of-the-road development pattern'' and ''further fragmentation between regions'' mean directly?
In this section, we describe the development pathway of the energy and economic systems, as well as changes in land use, GHG and air pollutant emissions, radiative forcing and temperature variation, mitigation costs in the SSP1, SSP2 and SSP3 without consideration of INDCs. Energy production and consumption account for two-thirds of the world's greenhouse gas (GHG) emissions (IEA 2015) . Thus, the scale and structure of future energy supply in SSPs are critical determinants of the challenges for mitigation and adaptation. According to narratives, SSP3 has a heavy reliance on fossil fuels with an increasing contribution of coal to the energy mix. On the contrary, the share of renewables and other low carbon energy is increasing in SSP1. Since described as ''middle of the road,'' energy development in SSP2 is balanced compared to other SSPs. Figure 8 shows the global primary energy supply and energy sources for the BAU scenario and other climate policy cases in 2100 under SSP1, SSP2 and SSP3. In BAU scenario, SSP2-BL reaches 1183 EJ/year in 2100, with the same trend of SSP3-BL. However, the total energy supply of SSP3-BL is 22 EJ/year higher than that of SSP2-BL. Interestingly, SSP1-BL has substantial difference compared with the other SSPs, reaching 882 EJ/year in 2100. In different SSPs, there are different compositions of the energy sources. For instance, as described in narrative, SSP3-BL is oriented by coal and depends on fossil fuel. Comparing with SSP2-BL, the coal consumption of SSP3-BL is 347 EJ/year and is 81 EJ/year higher, which is consistent with the narrative. At the other extreme, there exists a large difference in nuclear energy production between SSP2-BL and SSP3-BL. The nuclear consumption of SSP3-BL is 4 EJ/year in 2100 and has a much lower development than that of SSP2. According to the narrative of SSPs, SSP1-BL is described as sustainability development, which has an increasing share of renewable energy. In 2100, SSP1-BL has the maximum renewable energy supply among SSPs, which is in consistent with the narrative.
The primary energy supply in 2100 by SSPs and different climate policies are also illustrated in Fig. 8 . The coal and oil decline greatly compared with BAU cases in all SSPs. Taking SSP3-6.0 W and SSP2-6.0 W into comparison, the share of fossil fuel in SSP3-6.0 W is 11%, which is higher than that in SSP2-6.0 W. It means that SSP3 is more urgent to decline the fossil fuel energy supply. Additionally, SSP3 has greater challenges to reduce CO 2 emissions. One of the challenges is that non-CO 2 emissions in SSP3-BL are higher than that in SSP2, which indicates that SSP3 has less reduction potential in the mitigation scenarios. In contrast, the share of renewable energy in SSP1 is the highest in all SSPs-BL and it reduces dependency on fossil fuel.
Changes in cropland, pasture and forest for the SSPs
Land use development trend has direct influences on future GHG emissions and mitigation potential (Fricko et al. 2017; Popp et al. 2014) and is one of the key parameters in SSPs (Fujimori et al. 2017 ). For example, CO 2 can be emitted from direct human-induced impacts on forestry and other land use. Agricultural activities such as biomass burning and fertilizer use contribute to CH 4 and N 2 O emissions. As shown in Fig. 9 , by 2100, the global cropland area in SSP1-3 BAU scenario would increase to 1627.85, 1773.12 and 1862.55 Mha, respectively. Cropland area in SSP3-BL is the largest compared to other SSPs, which is mainly caused by the relative low agricultural productivity and strongly increasing demand for agricultural products. Meanwhile, there is a high deforestation rate in SSP3-BL. In comparison, the SSP1-BL shows a sustainable land use pathway with little pressure on cropland resource due to its low population projection and high agricultural productivity. Thus, SSP1-BL has a much lower growth rate (0.28%) of cropland area. Forest area, in contrast, takes the largest proportion in SSP1-BL and the smallest in SSP3-BL. Land cover area in 2100 under the combination of SSPs and climate policies is also illustrated in Fig. 9 , which is obviously discrepant under different climate policy cases. The cropland and pasture area decrease gradually when more stringent climate policy is introduced, but the forest area is vice versa and has an increasing tendency in policy scenarios, which is obviously larger than that in BAU scenario.
The trajectories and amount of GHG emissions and its major components
GHG emissions are currently at the crux of political, environmental technological and cultural discussions due to climate change. The pathways for the energy and land use cover changes in SSPs translate into a wide range of GHG and pollutant emissions. Kyoto gases (CO 2 , CH 4 , N 2 O, HFCs, PFCs, SF6 and NF 3 ) and its major components (CO 2 , CH 4 and N 2 O) are illustrated in Fig. 10 . The emission trajectories under different SSPs are distinctly different, which are mainly reflected in the following aspects. BAU emissions in 2100 under SSP1-SSP3 are 67, 105, 117 GtCO 2 eq, respectively. SSP1 would peak at 70 GtCO 2 eq in 2075, while SSP2 and SSP3 would keep increasing through the century. However, emissions under SSP2 keep growing at nearly uniform rate and increase sharply during 2020-2030 under SSP3. The shape of emission trajectories slightly change under different RCPs, while the peak value or terminal value in 2100 varies from each baseline emissions. To stabilize radiative forcing to 5.5, 5.0 and 4.5 W/m 2 under SSP1, Kyoto gases emissions would peak at 61 GtCO 2 eq in 2070, 53 GtCO 2 eq in 2050, and 46 GtCO 2 eq in 2045, respectively. To stabilize at 5.5 W/m 2 , reaching the peak that is 54 GtCO 2 eq in 2055 is much earlier under SSP2.
CO 2 emissions are strongly correlated with the future challenges for mitigation. The trend of CO 2 emissions is similar to the Kyoto gases, while the declination is faster in all SSPs. The high dependence on fossil fuels in SSP3-BL results in higher CO 2 emissions. Conversely, low fossil fuel dependence and increased development of non-fossil energy sources in SSP2 results in lower CO 2 emissions. As shown in Fig. 10 , BAU CO 2 emissions in 2100 under SSP1-3 are 56, 84 and 92 GtCO 2 eq, respectively. CH 4 is also a main contributor to global warming, which is the highest in SSP3 and lowest in SSP1. In SSP1, the CH 4 emissions sharply decrease after 2060. SSP2 and SSP3 show an opposite trend in which emissions increase throughout the twenty-first century. Since population growth and food demand is a strong driver of future CH 4 emissions across all SSPs, the results are in accordance with SSPs storyline.
Agricultural soils and fertilizer use are the largest contributors of N 2 O emissions. Emissions are the highest in SSP3 and lowest in SSP1, featuring agricultural practices and population assumption. The emission trajectories of N 2 O are similar to CH 4 under different RCPs. Fig. 9 Land cover under the BAU scenario (left) and four mitigation cases in 2100 (right) for SSP1, SSP2 and SSP3
Air pollutant emissions and its decomposition analysis for SO 2 and NO X
Two main global air pollutants emissions (SO 2 and NO x ) for SSP1, SSP2 and SSP3 are presented in Fig. 11 . Generally, in BAU scenario, air pollutant emissions show a decreasing trend in all SSPs, and in SSP3-BL are the highest, followed by SSP2-BL. The SO 2 emissions in 2100 would be 6 MtSO 2 /year for SSP1-BL, 12 MtSO 2 /year for SSP2-BL and 24 MtSO 2 /year for SSP3-BL, respectively. And the NOx emissions in 2100 would be 14 MtNOx/year for SSP1-BL, 22 MtNOx/year for SSP2-BL and 30 MtNOx/year for SSP3-BL, respectively. Agricultural soils and fertilizer use are by far the largest contributors of N 2 O emissions. Emissions are the highest in SSP3 due to high population and/or fertilizer use. This is coincident with SSPs storylines (Kriegler et al. 2012; O'Neill et al. 2014) .
The global SO 2 and NO x decomposition analysis under SSPs is shown in Fig. 12 . Obviously, GDP per capita commonly increases SO 2 and NO x emissions in all SSPs. The population factor shows an increasing contribution in SSPs, and even decreases the two kinds of air pollutants emission during 2075-2100. Emission intensity, in general, reduces the two pollutants in SSPs, and emission intensity plays the most effective role in pollutant reduction during the examined period compared with the other three factors. However, the contribution from energy intensity shows a declining change with time. Notably, there is a smaller reduction in energy intensity of SO 2 and NO x , even energy intensity in SSP3 induces the increment of these two pollutants emission ever since 2055.
As shown in Fig. 12 , the corresponding mitigation cases in all SSPs have a lower emission than that of BAU scenarios. An important reason might be that SO 2 and NOx emissions are directly associated with fossil fuel combustion, and thus, they can be reduced by decreasing the use of fossil fuels and improving energy intensity. Other air pollutants such as NMVOC, BC, OC, NH 3 show small differences between the BAU and mitigation scenarios. Since the major emission sources of these air pollutants are associated with land use, they are not easy to be reduced. Additionally, there is slight difference between the mitigation scenarios in SSP1, because SSP1-BL has already implemented stringent policies to control air pollutants and there is less potential for emission reduction.
Radiative forcing and temperature change toward 2100
The scenarios have been evaluated in terms of their expected impact on climate change. Here, we present the results of the C 3 IAM/BCC_CSM calculations. Radiative forcing of the climate system is shown in the top of Fig. 13 . With no aggressive carbon sink technology in place, the level keeps increasing under all SSPs. At the end of this century, the radiative forcing in BAU scenario under SSP1-3 would reach 5.8, 6.6 and 7.1 W/m 2 , respectively. The order follows the GHG emissions level for each SSP and in accord with narratives. Low dependence on fossil fuels and wide application of renewable energy under SSP1 means that total radiative forcing absent the inclusion of mitigation only reaches 5.8 W/m 2 in 2100. Delayed climate response and the effect of cumulative GHG emissions . Since low carbon technology like Carbon Capture and Storage (CCS) plays an important role in many of the mitigation scenarios. However, in the current version of C 3 IAM, large-scale application of CCS cannot be realized, thus, reaching the stricter climate mitigation targets such as RCP4.5 and RCP2.6 was found not possible. In order to reach radiative forcing levels below 5.5 W/m 2 , it is necessary to introduce climate mitigation policies. In terms of temperature, the scenarios follow the trends in forcing with some delay, as shown at the bottom of Fig. 13 . By the end of this century, the temperature ends up at a warming of around 3.21°C under SSP1, 3.54°C under SSP2 and 3.79°C under SSP3. Even in SSP1, temperature would further increase by 1.2°C compared with 2°C target.
Changes in global energy and carbon intensity toward 2100
Global energy and carbon intensity reduction rates toward 2100 are shown in Fig. 14 (carbon intensity here considers only energy-related CO 2 emissions), which presents how the introduction of climate policies leads to concurrent improvements of both the energy and carbon intensity of the economy. Historical intensity reduction rates from 1990 to 2015 are extrapolated and shown as dashed lines in the figure. In terms of the BAU scenario, values of SSP2 are most similar to historical trends. SSP3 shows lower reduction rates in both dimensions (7 and 20%), and on the contrary, SSP1 shows higher rates (44 and 75%). . The text in the plotted area refers to the mitigation case. Carbon intensity is fossil fuel related CO 2 emissions divided by GDP, and energy intensity is total primary energy supply divided by GDP In SSP3, the slow energy intensity improvement is derived from the assumption of slow autonomous energy efficiency improvement and high final consumption of energy-intensive fuels. Carbon intensity improves slowly due to the assumption of a high dependence on the fossil energy consumption and low preference for renewable energy.
Emissions reduction is achieved by decarbonizing energy system, including the rapid upscaling of low carbon energy (CCS, renewables and nuclear). Energy intensity improvements have small impact on emissions reduction. Carbon intensity in SSPs decreases continually and presents a large decrease in carbon emissions per unit of energy.
3.1.7 Global trade dependency of coal, oil, gas, rice, wheat, and coarse grains Global trade dependencies of coal, oil, gas, rice, wheat, and coarse grains for BAU cases are shown in Fig. 15 . The trade dependency is defined as total imports divided by total consumption (the total consumption corresponds to the primary energy supply of energy commodities for coal, oil and gas). Generally, the overall trend of SSP1-3 in the oil, gas and wheat is the same. Nevertheless, for rice, the trend in SSP2 would decline continuously. While in the other two scenarios, it decreases first and then increases. For coarse grain, the trend in SSP1 increases continuously, while in the other two scenarios it increases first and then decreases. In all SSPs, the order of trade dependence from high to low is oil, gas, coal, wheat, coarse grain and rice.
Trade dependence is affected by the change in regional compositions and the level of trade dependency in the base year. For instance, if a region has a high level of trade dependency in the base year and decreases its trade share in the global market, the global total dependency would decrease. Coarse grain is a typical example with increasing trade dependency first and then decreasing. Taking China as an example. At present, China's trade dependence on coarse grain is high and its share in the global market is high. While in the SSP2-BL, it assumes that, the growth of population in China is at a slow rate and population would start to decrease in 2040. Therefore, the demand for coarse grain in Fig. 15 Global trade dependency (oil, gas, coal, rice, wheat, and coarse grains) in SSP1, SSP2 and SSP3. Trade dependency is defined as total imports divided by total consumption Nat Hazards (2018) 92:585-618 607 China would increase first and then decrease. As a result, trade dependence of total coarse grain would increase first and then decrease.
Mitigation costs and attainability
Mitigation costs can be measured at various level: project, technology, sector or macroeconomic level. In this study, we use the carbon price, GDP loss and consumption loss to measure the climate mitigation costs (see Fig. 16 ). Of which, GDP and consumption loss refer to the percentage changes in mitigation scenarios relative to the BAU scenarios. In SSP3, carbon prices rise gradually over time. SSP2 shows the similar trend, but the magnitude in SSP3 is increasing significantly. As described in narratives, SSP3 has a higher challenge to mitigation than SSP2, which is reflected by carbon price. For example, in SSP3-6.0 W, the carbon price is 90 $/tCO 2 eq in 2100, while the carbon price is only 62 $/tCO 2 eq in SSP2-6.0 W. Similarly, in SSP3-5.5 W and SSP2-5.5 W, the carbon price is 211 $/tCO 2 eq and 156 $/tCO 2 eq, as compared to SSP1-5.5 W where the carbon price is only 73 $/tCO 2 eq. In addition, under the scenario of SSP2-5.0 W, the increase in carbon price is more significant, reaching 260 $/tCO 2 eq, while under SSP1-5.0 W the carbon price is around 178 $/tCO 2 eq. SSP3 has the largest GDP loss in all climate mitigation scenarios in 2100, which is 4.8 and 8.4% for SSP3-6.0 W and SSP-5.5 W, respectively. The corresponding GDP loss is lower in SSP2, with only 3.2 and 6.0%. Additionally, SSP1 and SSP2 can meet the 5.0 W/ m 2 mitigation target, whereas SSP3 can only achieve the level of 5.5 W/m 2 . Consumption loss shows a similar trend among all the three SSPs. Interestingly, it has smaller rate relative to GDP loss. This is mainly because C 3 IAM/GEEPA is investmentdriven closure. Moreover, we assume that the total investment is exogenous and is unaffected by climate policies. At the same time, trade effect is considered as well. Total GDP includes consumption, investment and net exports. It means that GDP loss includes consumption loss and net export loss.
3.2 How will the world's energy, economy and climate systems change under INDCs?
In this section, we explore how the world's energy, economy and climate systems change would be like over the period 2011-2100 under SSP1, SSP2 and SSP3 world with the specific consideration of INDCs. The results will be explained from the following aspects: primary energy supply, GHG emissions, temperature change, mitigation cost and carbon income. There is no evident change in total primary energy supply and its structure, which directly leads to the small amount of responding CO 2 emissions change (as shown in Fig. 17) . In INDCs scenario, the total primary energy supply under SSP2 reaches 1183 EJ/year in 2100, with the same trend of SSP3. On the contrary, SSP1 has a stark difference compared with the other SSPs, reaching 882 EJ/year in 2100. It is noteworthy that, the total energy supply of SSP2 is 171 EJ/year higher than that of SSP3, which is contrary to results without consideration of INDCs. This is mainly because under INDC emission targets, the total amount of renewables in SSP3 is too low compared with SSP2, which directly leads to the anomalism. As shown in the right of Fig. 17 , in SSP2 and SSP3, the proportions of renewables are about 8 and 2%, respectively. However, the proportions of fossil fuel in SSP2 and SSP3 are 88 and 98%, which are still in consistent with narratives.
GHG emissions and temperature variations toward 2100 under INDCs
The changes in GHG emissions described above drive changes in atmospheric CO 2 concentrations, radiative forcing and temperature in SSP1-3. As discussed in Sect. Figure 19 illustrates the temperature variations from 2000 to 2100. Global mean surface temperature change rises almost linearly throughout the century, reaching 3.20, 3.48 and 3.59°C in SSP1-3, respectively. This result is lower than the temperature rise in the case without the consideration of INDCs, which are 3.21°C under SSP1, 3.54°C under SSP2 and 3.79°C under SSP3. The estimated global mean temperature rise of the BAU scenarios highlights the need for climate change mitigation. Even in SSP1, a world reigned by a green growth paradigm, temperature further increases by 1.2°C compared with 2°C target. In summary, we find that current INDCs are not in line with the 2°C goal, which indicates increasing effort is still needed if we are to keep open the possibility of limiting the rise in global mean temperature to 2°C.
Mitigation costs and attainability
As the climate policies are implemented via a carbon price, the carbon price can be seen as an indication of the effort of reaching the forcing level. In C 3 IAM, we assume that carbon tax stay the same after 2030, and carbon prices are 0.2, 5.6, 14.4 $/tCO 2 , respectively. Carbon prices are very low, and they have insignificant positive changes in three SSPs (as shown in Fig. 20 ). For example, in SSP1 that has smaller adaption and mitigation challenges, the carbon prices are decreasing with time and are lower than 3.2 $/tCO 2 toward 2100. However, in SSP3 which has bigger adaptation and mitigation challenges, the carbon prices have an increasing tendency over time, from 9.3 $/tCO 2 in 2011 to 14.4 $/tCO 2 in 2030. Carbon prices in SSPs without INDCs, in contrast, are much higher than that in INDCs scenario. Specifically, in SSP2-5.0 W, the increment of carbon price is more significant, reaching 260 $/tCO 2 eq, while in SSP1-5.0 W the carbon price is around 178 $/ tCO 2 eq. The lowest carbon price appears in SSP3-6.5 W, which is about 30 $/tCO 2 eq toward 2100. As shown in Fig. 21 , both the global consumption and GDP show a rather small loss in three SSPs. The global GDP loss in SSP1, SSP2 and SSP3 is 0.026, 0.104, and 0.286%, respectively. Moreover, the global consumption loss has a lower value, which is 0.021, 0.065, and 0.174%, respectively.
Carbon income under free trade of the certificate to achieve INDCs target
In Paris Agreement, a new mechanism named Sustainable Development Mechanism has established to ''facilitate the mitigation of greenhouse gases and support sustainable development'' (UNFCCC 2015). The new system is considered as the successor of the Clean Development Mechanism in Kyoto Protocol, but available to all parties rather than only Annex B parties to participate. Under the new structure, we consider the free trade of the certificate to achieve the INDC targets. Figure 22 shows the carbon income under INDCs in all 12 regions. In detail, Japan, Other Branches of Umbrella Group (OBU) and European Union (EU) have set the strictest carbon targets among 12 regions examined by this study; therefore, when applying a unified carbon price around the world, these countries need to buy additional carbon quota in all SSPs in order to achieve the given INDCs target. On the contrary, India, Eastern European CIS excluding Russian Federation (EES), Asia and Middle East and Africa (MAF) these four regions show the least restrictive carbon targets, which is the reason why they can sell additional carbon quota to other regions in all SSPs. As for the remaining regions, the U.S., China and Russia have to purchase carbon quotas from other countries in SSP1 and SSP2 under unified carbon prices all over the world; both Other West European Developed Countries (OWE) and Latin America (LAM) need to purchase carbon quota only in SSP3.
Validity of C 3 IAM
As discussed in Sect. 2.3, there are four key points that should be evaluated in the context of consistency with the narrative that characterizes in the SSP1, SSP2 and SSP3: (1) population and economic developments, (2) mitigation challenge level, (3) regional development and (4) technological development. This also provides insights for the validity of the developed C 3 IAM on evaluating the future climate change. Population and GDP illustrate the first point. As described in narratives, both the population and GDP in SSP2 are designed to situate in the middle of the pathway between SSP1 and SSP3.
Three factors, carbon price, GDP loss and consumption loss, are used to evaluate the second point. They are all higher in SSP3 than that in the other two SSPs no matter with or without INDCs.
For regional development, we apply trade dependency. Trade dependency in SSP3 is relatively small compared with the other two SSPs with or without INDCs, which is consistent with the scenario narratives. Finally, we use energy and carbon intensity to illustrate the fourth point. As discussed in Sect. 3.1.6, SSP3 has the lowest rate of energy and carbon intensity improvement. Based on the above discussion, all the main points are consistent with SSPs narratives.
Conclusions and policy implications 4.1 Conclusions
In this research, C 3 IAM is used to establish a consistent framework that includes specific status of the world's energy, economic, land use and climate toward 2100 after applying INDC emission targets. In accordance with the other six IAMs communities, we applied five socioeconomic scenarios (SSP1-SSP5) associated with eight climate mitigation cases (5.0, 5.5, 6.0, 6.5, 7.0, 7.5 8.0 and 8.5 W/m 2 ). Scenarios matrix architecture is adopted for the quantification process and is applied to three socioeconomic scenarios (SSP1, SSP2 and SSP3). During this process, some major conclusions are drawn as follows. have been unfolded over the period toward 2100. SSP3 is designed with a high level of challenges to mitigation, which is reflected in BAU scenario with a high level of GHG emissions than SSP2. The emission trajectories under different SSPs are observably different. BAU emissions in 2100 under SSP1-SSP3 are 67, 105, 117 GtCO 2 eq, respectively. Moreover, high mitigation costs are observed in SSP3. In SSP3, carbon prices rise gradually over time. SSP2 shows the similar trend, but the magnitude in SSP3 increases significantly. As described in narratives, SSP3 has a higher challenge to mitigation than SSP2, which is reflected by carbon price. SSP3 has the largest GDP loss in all climate mitigation scenarios in 2100, which is 4.8 and 8.4% for SSP3-6.0 W and SSP-5.5 W, respectively. The corresponding GDP loss is lower in SSP2, with only 3.2 and 6.0%. Consumption loss shows a similar trend among all the three SSPs. Interestingly, it has smaller rate relative to GDP loss. Technological development is slower in SSP3 than in the other SSPs. In terms of the BAU case, energy and carbon intensity of SSP2 values are most similar to historical trends. On the contrary, SSP3
shows lower reduction rates in both dimensions (7 and 20%), and SSP1 shows higher rates (44 and 75%). 4. Non-Annex B countries have played a more active role in the climate conference and announced ambitious commitment generally. However, the emission reduction targets of these countries (concentrated in EES, ASIA and MAF), compared with Annex B countries, there are more significant deviation from the emission trajectories under INDC scenario. Based on the results, India, Eastern European CIS excluding Russian Federation (EES), Asia and Middle East and Africa (MAF) these four regions show the least restrictive carbon targets, which is the reason why they can sell additional carbon quota to other regions in all SSPs. Thus, there is a risk that the INDC targets of these countries could not be completed. 5. We explore the main indicators of SSPs and confirm that the pictures of SSP1 to SSP3 is consistent with their narratives, which means that C 3 IAM is valid in simulating the future climate change.
Policy implications
Based on the conclusions obtained above, some important policy implications can be drawn as follows.
1. To make the mitigation policies more effective, decision makers should bring the climate agenda with their development goals and strategies together, at the domestic and international levels. Although climate change is a worldwide process, the climate damages would be undertaken by each country. Therefore, the domestic benefit that countries gain when implement mitigation policies should be aware in the process of policymaking. 2. There are long-term difficulties to keep warming well below 2°C and pursue efforts toward 1.5°C target even under INDCs. To avoid this, more ambitious reduction targets should be suggested when countries revise their INDCs targets after 2020. For example, India, Eastern European CIS excluding Russian Federation (EES), Asia and Middle East and Africa (MAF) these four regions should make more restrictive carbon targets. 3. Low carbon technology and renewable energy always be treated as a way of actively capturing and removing GHG emissions. Therefore, in order to decrease the dependency on fossil fuel, the development of low carbon technology and introduction of renewable energy should be given priority. Since the development of these new low carbon technology and renewables is untested and could be controversial, policy makers should pay more attention on public acceptance when making related policies. 4. Due to the dependency on fossil fuel, it is hard to achieve 2°C target under SSP3 even trying to transform develop road to SSP1. Therefore, a higher carbon price needs to be set or low carbon technologies need to be widely introduced.
Future research prospects
Although this study has contributed for answering some questions concerning the integrated assessment of INDCs under SSPs, some issues are still left to be done in the further work. Many studies have shown a significant and synergistic effect between climate policy and non-climate policy. Technical policy plays as a key complement to other mitigation policies. In order to evaluate the emissions reduction potential of different policies based on the industry's production technologies, the bottom-up energy technology selection model developed for China (C 3 IAM/NET) will be given primary focus in our future work. China is the largest emitter of carbon emissions in the world, which would have strong implications for the challenge of limiting temperature changes caused by GHG emissions to less than 2°C from preindustrial levels. However, past studies generally remains poorly in a more in-depth depiction of China. In order to reflect the regional and sectoral characteristics of China's energy consumption and emissions pattern, we will integrate C 3 IAM/ NET with C 3 IAM/MR.CEEPA. Although the simulation results of the Multiregional CGE model of China are not displayed in this paper, we will enrich and develop this part in future work.
Damage functions play an important role in quantifying, comparing, aggregating and communicating the many different economic risks that society faces from climate change, and serve to explore trade-offs between the welfares costs and benefits of investing in greenhouse gas mitigation. Based on this motivation, we will enrich the C
